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INTRODUCTION
.Ammonium assimilation by ectomycorrbizas probably plays a key role in nitrogen nutrition of forest trees since: {a) ammonium is tbe dominant form of inorganic N in most temperate forest soils (.Attiwill & Leeper, 1987) wbere eetomycorrbizal development is profuse (Alexander, 1983) ; (/)) inorganic levels in forest soil solutions are often limiting for tree growth; (f) increased absorbing surface and penetration rate oi' ectotnycorrbi/.as sbould enbance absorption of atnmonium which is less mobile than nitrate (Bowen, 1973 ; Bowen & Smith, 1981 ; France & Reid, 1983) ; (d) most ectomycorrhizal fungi can utilize (and may jirefer) atnmonium o\er nitrate as a N source (Lundeburg, 1970; France & Reid, 1984; Littke, Bledsoe & Edmonds, 1984) ; {e) excised myc;orrhizal roots can rapidly metabolize ammonium (Carrodus, 1966; France & Reid, 1978; Martin et al., 1986) ; and (/) enhanced ammonium uptake has been obser\ed in ititact mycorrhizal plants (Melin & Nilsson, 1952; Stribley & Read, 1974; Reid, Kidd &: Fkwebelam, 1983; Rygiewicz, Bledsoe & Zasoski, 1984) .
The pathways for ammonium assimilation in ectotnycorrhizal ftingi and their hosts ma\' be different. In roots the GS/GOGAT pathway is central with the sequential enzymes: glutamine synthetase (CiS) (EC 6.3.1.2) which catalyses the amination of glutamic acid gi\ing glutamine, and glutamate synthase (GOGAT) (EC 1.4.7.1., EC 2.6.1.53) which catalyses the formation of glutamate (Miflin, Wallsgrove & Lea, 1981; Oaks & Hirel, 1985; Lee, Woodin & Press, 1986) .
In fungi, ammoniutn is assimilated hy a NADPdependent glutamate dehydrogenase (GDH) (EC 1 .4. 1 .3) which catalyses the amination of oxoglutarate giving glutamate (Pateman & Kinghom, 1975; Smith ('/ al., 1975) .
In addition, fungi may possess a NAID-dependent (jDIl (EC 1.4.1.2) which catalyses the re\erse deatnination (Sanwal & Lata, 1961; St John ('/ al., 1985; Gore, 1981; Marzluf, 1981) . The GDHs arc' recognized to be important because of the pi\()tal positions in metabolism occupied by glutamate and a-oxoglutarate and the ability of these compounds to enter into many types of pathways (Smith et al., 1975) . The role of plant NAD-GDH, though ubiquitous in hij^her plants, remains enigmatic (Oaks, 1985; Oaks & Hire), 1985; Lee et al., 1986) .
Recent evidence suggests that the GS route may also be operational in fungi (Genetet, Martin & Stewart, 1984; Kusnan, Berger & Fock, 1987; Lomnitz et al., 1987) . Indeed, in the ectom>corrhizal fungus (^enococcum geophiluni ammonium assimilation proceeds via the GDH/GS pathways (Cienetet et al., 1984; Martin, 1985; Khalid et al., 1988) , and this may be so in Pezizella ericacae (St John et al., 1985) .
Pathways for N assimilation in eetomycorrhizas are only beginning to be elucidated. For example, the fungal GI)H pathway is suppressed in Faf^us/ Lactarius ectomycorrhizas (Martin et al., 1986) . These results imply either the action of fungal (iS and host GOGAT with translocation of glutamine and glutamate hetween cells of the two partners, or the absorption of ammonium by the fungal hyphae and its translocation to the host cells where it is assimilated by the (iS/CiOGAT host pathway. In either case amino nitrogen would be mobilized by plant amino transferases such as aspartate aminotransferase (GOT) (FC 2.6.1.1) and glutamate pyruvate transaminase (GPT) (FC 2.6.1.2).
The work reported here continues our investigations into the pathway(s) of ammonium assimilation in ectomycorrhizas. A goal of the present work is to determine if fungal NADP-CiDH is repressed in the main morphological types of ectomycorrhizas. The fungal GDI I pathway of N assimilation is examined in spruce and beech ectomycorrhizas.
MATKRIALS AND MHTHODS

Plant material
Norway spruce (Picea excelsa L.) roots were obtained from lour year old plants in a commercial nursery near Merten, N.F. France. Plants were removed with attached soil, transferred to the laboratory and stored overnight at 4 °C. The root systems were washed with tap water and Hebeloma sp. ectomycorrhizas were sampled on ice under the microscope. These mycorrhizas were pale brown with white tips, the mantel was thin and there were abundant external hyphae, in association with pale yellow mycelial cords (Fig. 1) .
Beech {Fagus sylvatica L.) roots either nonmycorrhizal or ectomycorrhizal with Ilebelovia crustuliniforme (Bull, ex St Amans) Quet. strain SIV and Paxillus involutus Batsch ex Fr.) Fr. strain NAU were collected from 4-to 6-month-old seedlings growing in a pasteurized peat mix in the INRA nursery at Champenoux.
Fungal cultures were grown in the dark at 25 °C in 1 1 Erlenmeyer flasks containing 500 mt of modiled Pachlewski's medium with 25 mM ammonium tartrate (Martin, Msatef & Botton, 1983) . The mycelium was har\ested after approximately 3 weeks. In addition, some assays were made on Mout agar plates of Llebeloma sp.
Fxtraction of enzymes
Detached ectomycorrhizas, non-mycorrhizal roots and mycelium were placed into cold ()-l M Tris-HCl buffer, pll 7-6 containing 5 mM MgCl.^ and 5 niM Na FDTA. After blotting and weighing, 0-1 1 g were ground over ice using a mortar and a pestle in 2-5 ml of the above extraction buffer to which had been added 14 mM mercaptoethanol, 1 "o (w/\) soluble polyvinylpyroUidone (PVP) and insoluble PVP (1()",, f. wt of material). The macerates were centrifuged at 40()()()^ for 30 min and the supernatants used as a crude extract for enzyme assays and slab gel electrophoresis. Where enzyme acti\'ities were low or for gradipore gel electrophoresis the crude extracts were either concentrated hy ultrafiltration (Centricon inicroconcentrator) ov hy partial purification using ammonium sulphate precipitation (40 85",, saturation). Levels of CiDH activity declined only slightly in crude extracts kept at 4 °C for 24 h. Inclusion of phenyl methylsulphonyl Huoride, a proteinase inhibitor, in the grinding buffer did not alter the isozyme pattern or levels of activity of native enzymes.
Enzyme activities in crude extracts
Fnzyme activities were determined by following the reduction of NADFl or NADPH at 340 nm in a Shimadzu UV-160 spectrophotometer.
(a) Glutamate dehydrogenase (GDH) was assayed hy reductive amination of a-oxoglutarate (Martin et at., 1983; Botton, Msatef & Godbillon, 1987) . Fxtracts (50-200 //I) were incubated at 30 °C in reaction mixtures containing 8-7 mmol a-oxoglutarate, 100 mmol (NHJ.^SO,, and 0 2 mmol NADPH or NADH in 1 ml 100 mM potassium phosphate buffer pH 7. {b) Cliitaniate pvruvate transaminase (CiPT) was assayed for glutamate and pyruvate produetion using a coupled assay reaction catalysed by NAD-lactic dehydrogenase (Khalid et al., 1988) . Fxtracts (100//I) were incubated at 30 °C in reaction mixtures containing 8 7 mmol a-oxoglutarate, 8-7 mmol alanine, 78 //mol pyridoxal 5-phosphate, 1 unit lactic dehydrogenase and 0-2 mmol NADH in I ml 100 mM Tris-HCl pH 8.
(f) Aspartate arninotransferasc (GOT) was assayed for oxaloacetate and glutamate production using a coupled assay reaction catalysed hy NAD-malate dehydrogenase (Botton et al., 1986) . Fxtracts (100 //I) were incubated at 30 °C in reaction mixtures containing 8-7 mmol a-oxoglutarate, 17-4 mmol aspartate, 78//mol pyridoxal 5-phosphate, 1 unit malate dehydrogenase and 0-2 mmol NADIl in 1 ml 100 mM Tris-HCl pH 8.
Specific acti\'ity is expressed in nkat (I nkat corresponds to the conversion of 1 nmol substrate s"'). Protein concentration was determined spectrophotometrically after Bradford (1976) .
Eleetrophoresis
Comparisons of NADP-and NAD-dependent glutamate dehydrogenases in the fungus, plant roots and mycorrhizas yvere made using a discontinuous Ornstein-Davis system. Approximately 100 200//I extracts were applied to 6% polyacrylamide slab gels. The bands of NADP-GDH and NAD-GDH activities were located using a tetrazolium assay system (Bkimenthal & Smith, 1973) to follow the deamination of L-glutamate. Incubation mixtures contained 1-2 mmol L-glutamate, 14-2//mol NADP or NAD, 1 mmol nitroblue tetrazolium and 0-5 mmol phenazine methosulphate in 40 ml 100 mM Tris-HCl pH 8.
Molecular weights of the native NADP-CiDll and NAD-GDH were determined using Pharmacia PAA 4-30 polyacrylamide gradient gels calibrated with Pharmacia protein standards.
Ptirifieation of NADP-GDH from Cenococcum geophilum Fr. (C. graniforme Ferd. and Wiiige) : isolate Kiffer 1973
The NADP-GDH from C. geophilum was purified by ion-exchange chromatography on DI' L-Xl-;-Trisacryl, affinity chromatography on 2',5'-ADP Sepharose 4H, and molecular sieving using Fractogel HW55. All purification steps were carried out at 4°C. Buffers were adjusted to the indicated pH at 20 °C. All centrifugations were carried out for 1 5 min at 2()0()() rpm (34000 j') in a Beckman J.A 21 rotor at 4°C.
Approximately llOg fresh weight of rapidly growing mycelia were homogenized at 4 °C in a Waring blender using 250 ml of 25 mM Tris-HCl buffer, 14 mM 2-mercaptoethanol and 1",, (w/v) soluble PVP, pH 7-8 (bufler A). The homogenate fluid was filtered through Miracloth, and cell debris was remo\ed by centrifugation. 1 lomogenates from four Waring blender homogenizations (corresponding to 2800 mg of protein) and subsequent centrifugation were combined for tbe next step. Combined supernatants were applied to a glass filter (5 x 20 cm) containing 0-5 1 DEAE-Trisacryl at 4 °C equilibrated with buffer .A. The DEAE-Trisacryl was washed with l-Ol buffer A and 0-5 1 buffer A containing 0-1 M NaCI. 1'he NADP-(;D11 was eluted during a 0-7 1 wash with buffer A containing 0-3 M NaCI. The enzymaticalK-actixe fraction was concentrated at 4 °C (.-Xmicon Ultrafiltration Cell, YM-10 membrane). The enzyme preparation was ajiplied to a 2',5'-ADP Sepharose 4B affinity column (2x10 cm) equilibrated in buffer A. The column was washed with 0-3 1 of 0-1 M KH.,P(), buffer (pH 8-0) containing l'O M NaCI to elute non-specifically bound proteins. Proteins were eluted with 200 ml linear gradient of 0-1 M KH,PO,,buifer (pH 8-0) containing 5 mM NADP. Pooled fractions containing NADP-GDH activity were concentrated to 10 ml (Amicon Ultrafiltration Cell, YM-10 membrane). The concentrated sample from step 3 was loaded on a5x 100 cm column (1/ = 0-16 1) of Fractogel HW55 (Superfine) equilibrated with 01 M KH.,PO., buffer (pH 8-0). The column was eluted with the same buffer with a flow rate of 2 ml min"'. Fractions which contained 80",, of the enzyme acti\ity were pooled and ultrafiltration was used to adjust the protein concentration to LO mg mL'. At this concentration, the purified NADP-GDH was stable during storage at -20 °C.
Preparation of antibodies
The purified NADP-GDH (14mg) was loaded on five preparative 7",, polyacrylamide gels (2 x 10 cm). Electrophoresis was at 20 mA for 6 h. The enzyme was localized on the gel by assaying the deaminating activity in the presence of phenazine methosulphate and nitrobluetetrazolium. Incubation of the gels in the assay medium did not exceed 3 min. The part of the gel containing NADP-GDH acti\ity was cut and homogenized with Freund's Complete Adjuvant (Sigma) by using a potter. Homogenates containing 250//g of NADP-GDH were injected intramuscularly in the hip of each of four Fau\ e de Bourgogne rabbits. After 3 weeks the animals were boosted with 250/(g of N.ADP-GDH in a 1 : 1 (x/v) ratio with Freund's Incomplete Adjuvant (Sigma). Ten days later, the three rabbits were bled for immune serum. The blood was allowed to clot for 3 h at room temperature and then refrigerated at 4 °C o\ ernight. The clot was remox ed by centrifugation at lOOOO g for 1 5 min at 4 °C. The immunoglobulin (IgCJ) fraction of the serum supernatant xvas obtained b>-0 33 "" ammonium sulphate precipitation, resuspended and dialysed against 0-()5 mM borate bufler (pH 8-1). The IgG solution xvas filter sterilized and xvas stored at -20 °C. was determincci on aliquots of the supernatant and chitin in mycorrhizal roots and mycelial cords iisit followin^i ck'ctrophoresis. the method of Vignon cl ^;/.
Chitin CJDU localisation in sertioits of tivinfi roots
Chitin was determined by measLirinj^ the amount of Mycorrhizas of Ilebeloina/Picea were frozen with fungal glucosamine resulting from acid hydrolysis of CO.^ and hand sections (20-40 //m) immersed in reuction mixtures at roon-i temperature for 1-2 h. The procedure of Rlhiti, Butler & Moore (1979) was followed except that the reagents were made up in 100 mM ^1^-is-HCl pll 8.
Microscopy
Mycelial cords and mycorrhizas o'i Hebeloma/Epicea were fixed in 2",, paraformaldeh\xie in 25 mM mono/disodiui-n phosphate buffer, pH 7, dehydrated in acetone and infiltrated with epon. Resin was remoxeti from sections with saturated KOH in ethanol, before staining with toluidine blue ().
For scanning electron microscopy, mycorrhizas were fixed in 2-5",, glutaraldehyde in 25 mM phosphate buffer, pH 7, deh>-drated in etlnanol and critical point dried.
RH.SUl.TS Ectomycor}hizal dcT'clopment
The gross morphology and anatomy of spruce ectomycorrhizas used in enzyme assa>-s is given in Fig. 1 (ad) . Typically these simple or pyramidally branched ectomycorrhizas had prolific extramatrical mycelium inter-connected with loosely woxen, pale yellow mycelial cords (up to 1 mm diam.), a thin mantle (25 /vm), and an extensive Hartig net reaching to the endodermis. Many were linearly extended in then-second year.
Native enzymes in spruce/\-\cbc\onv<\
GDI! activities in crude homogeruites. 1 Iigh activities of NADF-GDH were present in extracts from mycorrhizas as well as in tlie surrounding loosely associated hyphae and mycelial cords ('I'able 1). Similar levels were present in mycelium in pure culture. NADF-GDH activity could not be detected in non-mycorrhizal long roots in Held-grown plants nor in non-mycorrhizal short roots of cuttings grown in pasteurised potting mix in the laboratory-. 'Fhis distribution suggests that the NADF-(jDH ii-i the mycorrhizas is in the fungal component. Hence the fungal CiDH pathway is potential!)-operable in the assimilation of ammonium in these spruce ectomycorrhizas.
N.ADF-GDH activities in extracts of both mycelial cords and mycorrhizas were maintained from summer into autumn (Table 2) . By contrast, only low actixHties of NAD-GDH were found in these tissues during this period (Table 2) . N.AD-GDH activity was also low in the other tissues sampled (Table 1) and there were no differences between mycorrhizal and non-mycorrhizal short roots. in crude extracts (Fig. 2a) confirmed the presence of consideriihle CjDH in extracts of ectomycorrhizas. Furthermore, all of the NADP-GDH activity could be attributed to tbe fungal component (major isozyme band at R, 0-31, minor band at R^ 0-45); tbis was particularly clear with extracts of spruce ectomycorrhizas (iMg. 2b). Tbe fungal NA13I^-GDH could also utilize NAD as a cofactor in tbe de- amination reaction in the gel (Fig. 2a) . The plant GDI I appears to be NAD specific and a single band (7^1-0.38) was present in mycorrhizal and nonmycorrhizal roots. Identical banding patterns were also obtained with partially purified extracts.
GDH electrophorctic patterns. Folyacryiamide gel electrophoresis of NAD-and N.A.DF-linked GDFls
GDH immunological tests.
Further evidence that the NADP-(;DI1 activity in spruce ectomycorrhizas is of fungal origin was obtained using antibodies raised against purified N.A.DP-GDH of Cenococciim geophiliuu. The anti-T. geophilum GDH immuneserum was able to precipitate C. geophilum, H. cylindrosporum and I-lebelomn sp. NADP-GDHs indicating a high homology between these polypeptides. Firstly, anticatalytic immunoprecipitation tests (Fig. 3) revealed that NADP-GDH activity in extracts of both mycelial cords and ectomycorrhizas was strongly suppressed by the antiserum. Secondly, preincubation of crude extracts with the immune serum precluded further detection of GDH activity on electrophoresis gels (Fig. 2c) .
Location and activity of NADP-GDH in ectomycorrhizas. I'he preparation of homogenized samples for enzyme analyses was based on whole ectomycorrhizas which included proteins from the fungal mantle and Hartig net as well as the Full complement of root tissues. To determine the distribution of fungal NADP-GDH further partitioning of the root would be required before grinding. Some data can be obtained by histochemical detection of the NADP-GDH activity. NADP-GDH acti\ ity is active in extramatrical hyphae and mantle but also is present deep within the Hartig net (Fig. 1 e) . Since all of the NADP-GDH in the ectomycorrhizas is fungal, it should be possible to express enzyme activity per unit of fungal protein, and thus make comparisons with extramatrical mycelia. Mycelial cords of Hebeloma sp. have a chitin/ protein ratio of 10'64. The ectomycorrhizas contain 6'28+0-51 mg chitin/g fresh weight. .Assutning the same chitin/protein ratio occurs in the fungal component of the ectomycorrhizas, then approximately 51 "o of the protein in the ectomycorrhizas is fungal. NADP-CJDM acti\ities in ectomycorrhizas expressed as fungal protein (Table 2) were twice those of mycelial cords in soil.
Transaminases. GOT and GPT were acti\ e in crude extracts of all tissues sampled (Table 1) . Hence the capacity for transfer of the amino group of glutamate to other carbon skeletons following ammonium assimilation b\-the GDH or GS pathways exists in both partners. Further work is required to establish whether these pathways remain acti\ e in the fungal component following symbiosis or are confined to plant cells.
(Comparison of GDHs in spruce and beech ectomycorrhizas
GDH activities and electrophoretic patterns. Comparison of activities of NADP-and NAD-GDH in heach/Hebeloma, beech/PaxiUus and spruce/ Hebeloma systems (Table 3) revealed that, unlike the spruce ectomycorrhizas, fungal GDH activity was strongly depressed in ectomycorrhizas of beech. Further, electrophoresis showed that most GDI! activity in the heech/Hebeloma ectomycorrhizas was due to plant NAD-specific GDH with only a trace of fungal NADP-GDH able to be detected (Fig. 2a) . Likewise, ectomycorrhizas of beech/Pa.\;7/!/j-ga\ e a single GDH band after electrophoresis with an R, of 0-2 identical to the plant GDH (data not presented).
Molecular zveights. The molecular weights of fungal and plant native GDHs as estimated by polyacrylamide gradient gel electrophoresis are given in Table 4 . Values were close to 300000. This table also summarizes the co-enzyme specificity for NAD or N.ADP. The majority of GDH enzymes exist as hexameric oligomers with molecular weights around 300000 (Gore, 1981) . The molecular weights recorded here for Hebeloma are similar to those in Cenococcum graniforme (320000; Martin et al., 1983) and Sphaerostilbe repens (280000; Botton & Msatef, 1983) . The molecular weight of spruce NAD-GDH is close to that recorded from pea roots (Pahlich & Joy, 1971) . The key finding of this study is that CjDH may play a role in ammonium assimilation in spruce ectom>-corrhizas. F'or example, in crude extracts from naturally infected two year old spruce plants, approximately 85",, of total GDH activity in ectomycorrhizas was due, to fungal NADl'-GDIl. Furthermore, GDI 1 activity was substantially higher in extracts of mycorrhizal than non-mycorrhizal roots. Further work using isotopic procedures is required to determine whether the enzyme is functional in VIIH>. Unlike spruce ectomycorrhizas, fungal CjDH was strongly repressed in vitro in the two beech ectomycorrhizal associations investigated. H^hese findings are consistent with the work of Martin et al. (1986) who showed that the incorporation of '"'N label from '"'N ammonium into aniino acids could be almost completely blocked by inhibitors of glutamine synthetase and glutamate synthase. 'Fhese data suggested a minor role of (iDll in ammonium assimilation.
I'resence of the NADF-GDFI activity in extracts of spruce ectomycorrhizas suggests that ammonium taken up by ectomycorrhizas is first assimilated by NADF-CJDH in fungal tissue to produce glutamate. Fvidence from histochemistry (glutamate catabolism) indicates that the NADF-GDH is not confined to the mantle but is widespread through the Hartig net. However, further studies with immunochemistrv need to be undertaken to confirm this. It is unknown, for example, how much of the mantle and Hartig net is in\-ol\-ed in N absorption.
Short-term "C-labelling experiments with se\--ered ectomycorrhizas (unpublished results) rex'ealed that the (iS pathway is also active in spruce ectomycorrhizas. 'Fhis finding is as expected since CiS is the most important ammonium sca\'enging enzyme in higher plants and fungi (Miflin et al., 1981) . Whether the CJS in spruce ectomycorrhizas is plant, fungal or a combination awaits ekicidation. However, on evidence from other fungi (Kusnan et al., 1987) it seems likely that the GS pathway is also operatnx' in the fungal component. CJiven this scenario, then glutamate provided through the NADF-CJDH pathway could be further catalysed by fungal CjS before transportation as glutamine to plant cells.
Many workers insist that because CJDI I has a low affinity for ammonium (Wootton, 1983) it cannot compete efiectively for ammonium in the presence ol CJS. However, in Neurospora crassa Lomnits et al. (1987) concluded that CJDI I has the higher enzymic capacity for N assimilation and is the main provider of cellular glutamate when the mycelium is growii on excess or limiting ammonium. I'\irther, these workers stiggest :that the principal role of (JCJCj AT is the recycling of glutamine to glutamate thus a\-oiding glutamate deprivation in ammoniun-limited conditions. In spruce ectomycorrhizas the plant Cjtt-CJOCJAT cycle -could also be itivolved with ammonium following the reduction of nitrate.
As already noted, the spruce/1 lebeloma ecto-mvcorrliizas lime considerable extraniatr'ical m\celia including cxtensi\e networks of myeelial cords with hi^li '" 77/''> X.AnP-CiDH acti\it\\ Presumably these are functional in both the uptake and transport of N to the root. There is good e\ idence that longdistance transport occurs in fungal hyphae (Melin &; Nilsson, 1952 Nilsson, , 1953 Brownlea <'/c//., 1983; l-"rance 8; Reid, 1983 ; Read, 1984) , and that organic forms of X nia>-be invoKed (Stribley & Read, 1974) . H(nve\er, the mechanisms of such long-distance transport are unclear; so too are the processes for N transport from the fungus to the host plant. Certainly, the fungal component has a high potential to accumulate N in soluble storage pools (Alexander, 1983) which can be released to the host upon demand (France & Reid, 1983) . In conekision, the ammonium assimilation pathways appear to difler between mycorrhizal roots of sprLice and beecli. Further work is in progress to ascertain the role of host species in the expression ot the fungal CiDH pathway in ectomycorrhizas. We thank Christine Delaruelle, Michel Chalot and Kiinial El-.4braz for assistance. .Murdoch University provided tra\el funds to tlie senior auttior.
